A fast and accurate micellar electrokinetic capillary chromatography (MEKC) method was developed for monitoring N-methyl-2-pyrrolidone (NMP) exposure. Baseline separation of NMP and its main metabolites: 5-hydroxy-N-methyl-2-pyrrolidone (5HNMP), N-methylsuccinimide (MSI), 2-hydroxy-N-methylsuccinimide (2HMSI), and 2-pyrrolidone (2P) was obtained within 6 min in an uncoated fused silica capillary using 5 mM phosphate buffer and 140 mM sodium dodecyl sulfate (pH 7.1) as background electrolyte (BGE). On-line UV-detection was performed at 200 nm and the applied electric field was 400 V cm -1
. Possible interference of BGE-induced system peaks on separation was investigated by computer simulation and no such interference was observed. The developed MEKC method combined with solid phase extraction for sample preparation was successfully applied to the analysis of urine of rats exposed to NMP. The urinary excretion was determined in 0-6 h and 6-24 h specimens collected after an intragastic administration of 308 mg NMP / kg rat body weight. The results of NMP disposition kinetics in rat urine are reported for NMP and metabolites.
NMP and metabolites is the urine [7, 10] . As 5HNMP and 2HMSI are the main metabolites in urine [1, 7] , they are commonly used as biomarkers of exposure to NMP. Human exposure can be monitored by analyzing NMP and its metabolites in biological specimens (plasma or urine). Most commonly biological monitoring of NMP and metabolites has been carried out either by gas chromatography (see, e.g. [11] [12] [13] [14] [15] [16] [17] [18] [19] ) or by liquid chromatography (see, e.g. [20-23] ), often coupled with mass spectrometric detection.
To our knowledge, NMP and its metabolites have never been investigated by capillary electromigration (CE) techniques. The only CE report of NMP is related to the use of a 1:20 dilution of NMP with water as a sample solvent for measurement of some inorganic ions [24] . The separation of analytes in CE is based on differences in electrophoretic mobilities of the analytes [25] but, if proven necessary, this can be accompanied with chromatographic partitioning [26] . This results in a powerful separation method with a wide range of application. Further, there is no need for sample derivatization (like often needed in gas chromatography) and the solvent consumption is minimal compared to liquid chromatography. The aim of this work is to investigate the potential of micellar electrokinetic chromatography (MEKC), a sub-CE technique, as an alternative technique for analysis of NMP and its metabolites. Attention was drawn to the appearance of system peaks, which are "fake peaks" that are formed by introduction of the sample into the initially uniform composition of BGE [27] [28] [29] [30] . The main emphasis was on the development of a MEKC method but also on the applicability of the method to metabolites excreted in 24-h urine of rats exposed to NMP.
Experimental procedure

Reagents
All chemicals were used as received and were of analytical grade unless stated otherwise. NMP, 2P, and thiourea were obtained from Fluka (Buchs, Switzerland), sodium dodecyl sulfate (SDS) and sodium cholate (SC) from Sigma (St. Louis, MO, USA), 5HNMP from Ramidus AB (Lund, Sweden), MSI, 2HMSI, and 5-methyl-2-pyrrolidone from Aldrich (Steinheim, Germany). HPLC grade methanol was from SigmaAldrich (Steinheim-Germany). Sodium dihydrogen phosphate monohydrate, anhydrous disodium hydrogen phosphate, cetyltrimethylammonium bromide (CTAB), and n-hexane (LC-grade) were purchased from Merck (Darmstadt, Germany). Sodium hydroxide (NaOH) was from FF-Chemicals (Yli-Ii, Finland). Distilled water was purified with a Milli-Q apparatus (Millipore, Molsheim, France).
Micellar electrokinetic chromatography
All MEKC experiments were carried out with a commercial 3D CE system from Agilent Technologies (Waldbronn, Germany) equipped with a built-in photometric diode-array detector and air cooling for the capillary cassette. Data acquisition was done by ChemStation software (Agilent Technologies). MEKC parameters were as follows: voltage +25 kV; electric field strength 400 V cm -1 ; UV detection at 200 nm; capillary cassette temperature 25.0°C; hydrodynamic sample injection 10 mbar for 15 s. Uncoated fused-silica capillaries of 50 µm ID, 375 µm OD, and with a total length of 62.5 cm (54.0 cm to the detector) were purchased from Polymicro Technologies (Phoenix, Arizona, USA). New capillaries were pretreated by rinsing with 0.1 M NaOH for 40 min and then with water for 9 min at high pressure (930-940 mbar) . With a new sample, the capillary was pretreated by flushing with 0.1 M NaOH for 40 min, with water for 9 min, and with the background electrolyte (BGE) for 3 min. Subsequently, a voltage of 25 kV was applied for 2 min. Between replicate injections, the capillary was first rinsed for 3 min with the BGE and then a voltage of 25 kV was applied for 2 min before injection. Such capillary conditioning procedures ensured stable electro-osmotic flow (EOF) from run to run. The BGE was replaced after every third run. Three replicates were done during method development; for the method evaluation, six replicates were done.
Electrophoretic separation was performed using an aqueous BGE composed of equimolar mixture of sodium hydrogen phosphate and sodium dihydrogen phosphate (total phosphate concentrations of 5, 10, or 20 mM) containing varying concentration of surfactant (SDS, SC, or CTAB). The pH of all BGEs was 7.1. Thiourea (0.1 mM) was used as an EOF marker. All solutions were filtered through 0.45 µm filters (Gelman Sciences, Ann Arbor, MI, USA) and stored in a refrigerator.
Animal experiments
One week after arrival, two female Wistar rats (250 g from Scanbur BK, Sollentuna, Sweden) were housed in a stainless steel metabolism cage to collect a 24-h control urine specimen (No 1). Seven days later, each rat was given by oral gavage, 1 mL of freshly made NMP solution (75 µL mL -1 in distilled water) which is 308 mg (3.11 mmol) / kg body weight. Urine samples No 2 and No 3 were collected quantitatively (by rinsing the cage bottoms with ~20 mL of distilled water) in two portions over the time periods of 0-6 h and 6-24 h, respectively. The samples were weighed and stored at -20°C until analysis. During urine collection only tap water with 2% sucrose was given ad libitum but no food (Rat Chow R3, Astra Ewos, Södertälje, Sweden). For the other times rats were housed in plastic cages bedded with aspen wood shavings. The room was air-conditioned and with artificial lighting from 07:00 to 19:00. The animal experiments were approved by the local Ethical Committee for Animal Studies.
Sample preparation
Urine samples
All rat urine samples were diluted 10 times with water before solid phase extraction (SPE) with a Varian Vac Elut SPS 24 (Palo Alto, CA, USA) device. Isolute ENV+ cartridges (sorbent mass 100 mg, volume 3 mL, Biotage, Uppsala, Sweden) were used. Isolute ENV+ is a cross-linked hydroxylated polystyrene-divinylbenzene copolymer. Analytes are retained by hydrophobic interactions between the analyte and sorbent. The cartridges were preconditioned with 0.5 mL methanol and 2 mL water before use. 2 mL of diluted urine was mixed with 2 mL of water and 0.5 mL of 50 mg L -1 5-methyl-2-pyrrolidone (internal standard, IS) solution. This sample solution (V tot =4.5 mL) was loaded on the cartridge. The cartridge was washed with 0.5 mL n-hexane to elute lipophilic impurities and dried in vacuum for ~5 min after which NMP and metabolites were eluted with 2×1 mL of 20:80 (v/v) methanol:water. The samples were collected into plastic tubes, frozen at -80°C and lyophilized with a Christ Alpha 2-4 freeze-drying system (Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany). Dried samples were redissolved in 0.5 mL of BGE and filtered through 0.45 µm filters prior to injection to CE. Freeze-drying was preferred over other evaporation methods (e.g., rotavapor) because of very small sample volumes and multiple number of samples.
Calibration solutions
Stock solutions of NMP, 5HNMP, MSI, 2HMSI, and 2P were prepared in water to give final concentrations of 10 mg mL -1 . Calibration solutions containing all analytes (at concentrations of 1, 5, 10, 25, 50, 75, and 100 mg L -1 ) were prepared with 10 times diluted control rat urine (No 1). For the SPE procedure, 2 mL of each calibration solution was mixed with 2 mL of water and 0.5 mL of 50 mg L -1 IS solution. The sample preparation for CE analysis was then as for the urine samples (see above). 
Statistics
Linear regression
The calibration curves were made considering the urine matrix in the sample. Analyte concentrations in urine samples were calculated by fitting a linear regression equation of the dependence of IS corrected peak height of the analyte (analyte peak height divided by IS peak height) on the analyte concentration. Data in calibration lines was weighted based on 1/s h 2 where s h is a standard deviation of the IS corrected peak height (n=6 at each concentration). Origin data analysis and graphing software (OriginLab, Northampton, MA, USA) was used for computation.
Limit of detection and limit of quantitation
Details are given on how the limit of detection (LOD) was calculated as there is no full agreement on how it should be defined [31] . The LODs were calculated according to the IUPAC definition [32] : LOD expressed in concentration units (c LOD ) is derived from the smallest measure x LOD , which can be detected with reasonable certainty for a given analytical procedure. The values of x LOD can be given as
where x b is the mean value of the blank signal (baseline noise), k is a numerical factor chosen according to desired confidence level, and s b is the standard deviation of the blank signal (baseline noise). In the present case x LOD is expressed in the units of peak height (mAU) and, in order to get the LOD values in concentration units, x LOD was divided by the sensitivity, i.e., by the slope (S=Δ intensity/Δ concentration) of the linear calibration graph. Accordingly, Eq. 1 is transformed to
When the concentration of the blank (c b =x b /S) is zero, the equation is simplified to
IUPAC recommendation value for k is 3 for LOD and 10 for limit of quantitation (LOQ) [32] . In case of LOD and LOQ data, the slope was derived in a similar manner as above but without IS correction for the peak height. There are two reasons for this: (i) when the IS corrected peak height is used in Eq. 3, the units of the LOD are incorrect because Δ intensity is dimensionless; (ii) the slope (and thus LOD) depends on the detector response (peak height) of the IS compound. Standard deviation of the blank (s b ) was an average of 8 standard deviation values, which were all calculated from separate runs using the time range of 2.5-3.5 min (resulting in 1200 data points). The given time range was selected because in that range there were no analyte peaks, system peaks, or baseline drift.
Results and discussion
Selection of separation conditions
NMP, 5HNMP, MSI, 2HMSI, and 2P are electrically neutral (uncharged) and thus they cannot be separated based on differences in their electrophoretic mobilities, i.e., one cannot apply a sub-CE technique named capillary zone electrophoresis [25] . Here we selected to use MEKC for separation of the analytes. In MEKC the separation is based on the partitioning of analytes into micelles composed of charged surfactants such as SDS, SC, and CTAB [26] . Aqueous phosphate solution at pH 7.1 was selected as the buffer which provided fast EOF and enough buffer capacity even at low phosphate concentration. The pH of the BGE is generally not critical for neutral analytes but it may affect the surfactant behavior. In order to propose adequate experimental conditions for the MEKC separation of the studied analytes, various concentrations of SDS (10-160 mM), SC (50-150 mM), CTAB (15-50 mM), and mixed SDS / SC (8-30 mM / 35-70 mM) were tested. The EOF marker was added to the sample to measure the electrophoretic mobility of analytes. To note here is that thiourea was not a suitable EOF marker for the cholate micellar system (Fig. 2) . The peak of thiourea appeared after the peak of methanol (EOF marker) and co-migrated with NMP and the metabolites. This means that thiourea interacted with the negatively charged cholate micelles. In the SDS micellar system, on the other hand, thiourea did not interact with the micellar phase and thus it was a proper marker for the EOF. In addition, of all micellar systems tested, only the SDS-containing BGE provided baseline separation of all analytes. Thus, it was selected for further investigations. All compounds were separated with SDS concentrations from 30 mM to 160 mM, except 2HMSI and 5HNMP, which interacted only partly with the micellar phase and migrated very close to the EOF marker (thiourea). An SDS concentration of 140 mM was needed for baseline separation of 2HMSI and 5HNMP. The electropherogram of a standard mixture of six analytes, IS, and EOF marker under selected conditions is shown in Fig. 3 . Here the sample matrix is spiked with control rat urine, which was prepared as described in the Experimental section, except that the lyophilizate was dissolved in 2 mL of BGE. The observed migration order (i.e., 2HMSI, 5HNMP, MSI, 2P, and NMP) indicates that NMP had the strongest and 2HMSI the weakest interaction with the micelles. Accordingly, the metabolites preferred the water phase over the micellar phase more than NMP. This is explained by the fact that the metabolites of NMP are more hydrophilic than the parent compound. The IS (5-methyl-2-pyrrolidone) had the longest migration time of all the analytes.
It has been shown that the salt concentration can affect the interactions between micelles and analytes in MEKC [33] . Thus, the influence of phosphate was tested over a concentration range of 5-20 mM by keeping the pH (7.1) and SDS concentration (140 mM) constant. An increase in phosphate concentration (and thus the ionic strength) of the BGE will decrease the electrophoretic mobilities of the analytes and EOF, thus increasing the total run time. However, despite these observed effects there was no significant change in the separation of the analytes -only the separation of 2HMSI and 5HNMP was slightly altered (data not shown). In order to keep the analysis time as short as possible and to avoid high electric currents, 5 mM phosphate was selected as the final concentration resulting in an electric current of ~44 µA. With this BGE, the resolution of the critical pair, 2HMSI and 5HNMP, was 3.1 (calculated according to [34] ). Relative standard deviations (RSD) of the migration times of the analytes (n=5) using the selected BGE were in the range of 0.36-0.45%. The respective RSD values for IS-corrected migration times (migration time of analyte divided with that of the IS) were 0.06-0.18%.
System peaks
Even though phosphate buffers are commonly used in CE, they are especially prone to induce system peaks [35, 36] . System peaks (also known as system zones and eigen peaks) are formed due to introduction of a sample into the initially uniform composition of the BGE and they do not represent any of the analytes [27] [28] [29] [30] . The number of system peaks depends on the composition of the BGE. System peaks can be visually observed when indirect-UV or conductivity detection is applied. However, independently of the detector used, seriously enlarged and dispersed analyte peak can result when a system peak migrates parallel to (or in the vicinity of) an analyte [27] [28] [29] [30] . The matter may be even more complicated when charged surfactants and their counter-ions are present in the BGE [37, 38] . A modified version of the Peakmaster simulation software [38] , which takes the effect of surfactants into account, was used to verify the presence of system peaks under the experimental conditions in Fig. 3 (BGE: 5 mM phosphate, 7.5 mM sodium (counter-ion), 140 mM SDS, pH 7.1). This BGE yields three system peaks with electrophoretic mobilities (eigenmobilities) and respective migration time positions given in Fig. 4 . The system peaks did not interfere with the analyte peaks. The migration times of the second and third system peaks were longer than those of the analytes. The first system peak at 4.5 min had almost zero mobility and it migrated practically in the neutral zone together with the EOF marker (thiourea). Accordingly, the selected BGE could be used for the present investigations due to lack of interference of the system peaks.
Application to rat urine samples
Qualitative analysis
The applicability of the developed MEKC method to biological samples was investigated by determination of NMP and its main metabolites in rat urine. Fig. 5 shows electropherograms of urine samples, which were prepared from control (No 1) and NMP-exposed rat urine (No 2 and No 3), and analyzed under the selected experimental conditions. Verification of the analytes was done by spiking with pure standards, comparing the migration times to those obtained with standard runs and by back-calculating the expected positions of the analytes with the aid of known electrophoretic mobilities.
Figs. 5B and 5C show that all analytes except 2P were present in samples No 2 and No 3. 2P was not found in any of the samples. The unknown compounds which were detected in the control urine and also in urine samples No 2 and No 3 are marked with an asterisk. All unknown compounds were clearly separated from the analytes. Fig. 5 shows that, of the most significant unknown compounds, the first one migrated before the analytes (it is slightly positively charged), the second and third ones between MSI and NMP, and the last ones after the IS peak.
Repeatability of migration times was evaluated by analyzing the sample No 3. Five consecutive injections were performed for intraday repeatability evaluation. The RSD for migration times were in the range of 0.9-1.2%. The respective RSD values for IS corrected migration times were 0.1-0.2%, and 1.8-2.8% for corrected peak height. The inter-day reproducibility of migration times for two consecutive days was 2.3-3.0%, and 2.1-6.8% for the corrected peak height.
Quantification of analytes
The linearity of the detector response was studied in the range of 1 to 100 mg L -1 . For quantitative analysis the internal standard method was applied. The standard mixture solution was injected six times to build the calibration plot. The IS corrected peak height versus concentration was reported. The respective correlation coefficients were 0.996 for NMP, 0.983 for 5HNMP, 0.994 for MSI, and 0.987 for 2HMSI. All calibration curves were linear up to 75 mg L -1 except for 5HNMP, which was linear up to 100 mg L -1 . The method was applied to the analysis of two urine samples (see Figs. 5B and 5C) . The urine concentrations of NMP, 5HNMP, MSI, and 2HMSI were 444, 308, 29.8, and 3.7 mg L -1 in sample No 2, and 145, 402, 293, and , MSI, 2HMSI, 2-Pyrrolidone was not found.
58 mg L -1 and in sample No 3, respectively. The RSD of urine concentrations of five consecutive runs did not exceed 2.8%. As illustrated by the electropherograms in Figs. 3 and 5, the 2P metabolite could not be detected in urine of NMP-exposed rats, whereas NMP, 5HNMP, MSI, and 2HMSI were detected in measurable amounts.
The results of NMP disposition kinetics in rat urine are summarized in Table 1 . The total amount of the NMP, 5HNMP, MSI, and 2HMSI fractions of the administered NMP dose (%-dose), recovered in 24-h urine was 81.3%. This agrees well with urinary excretion data on NMP toxicokinetics measured in rat by other methods [8, 10, 21] . The metabolite excretion profiles as well as the changes observed in rates and amounts of elimination during the successive 6-h and 18-h urine sampling period were largely as expected by other similar rat studies [8, 10, 21] . Moreover, the results indicate that a 308 mg kg -1 dose may have caused saturation of NMP oxidation. This conclusion is supported by the following findings. First, for the unmetabolized NMP, the %-dose excretion was relatively large. Second, the first metabolite of the pathway NMP → 5HNMP → MSI → 2HMSI showed similar µmol/h excretion rates during successive urine sampling. Third, the excretion levels of the respective end-product, 2HMSI, remained low during the 24-h period. Although the elimination profile is qualitatively similar in rat and human urine, the mass-balance between excretion products is different in human urine. The different mass-balance can be explained by the possible differences in rat and human NMP metabolism and also by the lower dose of NMP in human exposure studies [7] .
As discussed above, LOD (and LOQ) cannot be derived from Eq. 3 by using IS corrected peak heights in linear regression. Thus, no IS correction was applied in calculation of these parameters. Slope, correlation coefficient, LOD, and LOQ for each analyte are given in Table 2 . The LOD values obtained for NMP and the metabolites are in the range from 0.14 to 3.11 mg L -1 and the respective LOQ values from 0.47 to 10.4 mg L -1 . The concentrations of MSI and 2HMSI in sample No 2 derived directly from the calibration graphs (i.e., the values before correction for 10 times dilution) were higher than the LODs but smaller than the respective LOQ values. This means that, according to the selected confidence level (see Experimental section), MSI and 2HMSI were determined only semiquantitatively in sample No 2.
The LOD values of the main metabolites, 5HNMP (0.34 mg L -1 ) and 2HMSI (0.14 mg L -1 ), are comparable to values reported by Jönsson and Åkesson [12, 14, 19] and Anundi et al. [39] using GC-MS and by Carnerup et al. [20] using LC-MS/MS. Our method provides lower LOD values when compared to GC-MS by Bader et al. [40] and Keener et al. [17] . However, in some other studies the reported LOD values for 5HNMP, 2HMSI, and 2P are lower than the present values [8, 9, [41] [42] [43] . LODs of NMP and MSI were higher than those reported in the literature [8, 9, 12, 15, 39, 42, 43] . As discussed above, there is still no full agreement on how the LOD should be defined; and accordingly, there is variation in how LOD values are derived. This may partly explain the scatter in published LOD data. Nevertheless, the present LODs and LOQs are far below the occupational limit values proposed for 5HNMP and 2HMSI [1, 3, 44] , the main biomarkers of NMP exposure. For example, the biological exposure index value of 100 mg L -1 in urine for 5HNMP is adopted by the American Conference of Governmental Industrial Hygienists (ACGIH) [1] . Therefore, the proposed method would be a good technique for application in biological monitoring of occupational exposure.
Conclusions
The present work demonstrates the suitability of micellar electrokinetic chromatography for fast and simultaneous analysis of NMP and its metabolites 2HMSI, 5HNMP, MSI, and 2P. Baseline separation of all analytes was achieved within 6 minutes with a BGE composed of 5 mM phosphate and 140 mM SDS at pH 7.1. No interference of BGE-induced system peaks on the separation was found by computer simulation.
The MEKC method combined with solid-phase extraction was applied to the determination of NMP and its metabolites in urine of rats exposed to NMP. All other analytes were found and quantified in rat urine samples except for 2P. The recovery of the method (administered 
